This study was designed to compare the physicochemical and nutritional properties between reconstituted milk samples made from freeze-dried milk powder (FDMP) and spray-dried milk powder (SDMP). Reconstituted milk (87%, wb) was made by combining FDMP or SDMP with water. In the color analysis, the L*, a* and b* values of the reconstituted milk samples made from both powders were not significantly different from the control. The thiobarbituric acid values and shortchain free fatty acid concentrations were considerably greater in the reconstituted milk made from SDMP than in the milk made from FDMP. The quantities of water-soluble and fat-soluble vitamins in the reconstituted milk samples made from SDMP were significantly lower than those made from FDMP. Based on the findings obtained in the present study, the reconstituted milk made from FDMP appeared to be more resistant to lipid oxidation and exhibited little changes in the nutrients levels when compared with reconstituted milk made from SDMP.
Introduction
Spray-drying of a liquid or slurry contains the rapid removal of moisture, thereby resulting in the formation of a dry powder. Spray-drying has been usually applied to produce milk powder products from raw milk (Indyk et al., 1996; Kim et al., 2002; Shrestha et al., 2007) . On the other hand, the main technological problem of spray-drying is the undesirable change and/or loss of a variety of nutrients such as proteins, fats, vitamins, flavors, and others due to the high temperatures (150-300 o C) used (Woollard and Edmiston, 1983; Cari , 1994; Indyk et al., 1996) .
To overcome the problem (e.g., nutrient loss) of the spray-drying process, non-thermal treatments including freeze-drying can be effective. Freeze-drying is based on the dehydration by sublimation of a frozen product. During this process, the low temperature and the absence of liquid water and oxygen minimize the thermal and chemical degradation of final products. Thus, the freezedrying process is regarded as an excellent dehydration process for heat sensitive products. In spite of the benefits mentioned above, it is well known that the process has been recognized as the most expensive process for manufacturing a dehydrated product (Boss et al., 2004; Tsinontides et al., 2004; Carvalho et al., 2007; Rogers et al., 2008) .
Reconstituted milk is inferior to market milk in flavors, tastes and nutrients because flavors, fats, proteins, minerals, and vitamins may become volatile, deteriorative or decompose by heat treatment for making milk powder. Even though heat treatment has the advantage of pasteurization, there are disadvantages, including inefficiency of energy, cleanings, and inefficient heat transfer due to the accumulation of milk powder (Kieseker and Aitken, 1993 ; Woo and Lee, 1993; Woo and Lee, 1994; Anema et al., 2004; del Angel and Dalgleish, 2006) . When heattreated milk powder is used for making reconstituted milk and cheese, the products have low quality, and subsequently consumers do not prefer the products due to the off-flavors, especially, cooked flavor (El-Safty and Ismail, 1982; Cari , 1994) .
In spite of the processing efficiency (e.g., low temperature) of freeze-drying for making milk powder products, no study has been conducted to produce freeze-dried milk powder (FDMP). Non-heat treatment during freeze-drying could improve the quality of the final milk powder products. Therefore, the objectives of the present study were to investigate physicochemical properties of FDMP as compared to spray-dried milk powder (SDMP), produce reconstituted milk made from FDMP or SDMP, and examine physicochemical and nutritional aspects of reconstituted milk products made from FDMP or SDMP.
Materials and Methods

Materials
Commercial pasteurized milk (3.4% milk fat) and SDMP were purchased from Konkuk Dairy Co. (Seoul, Korea) and Seoul Dairy Co-op. (Seoul, Korea), respectively. All chemicals and solvents used were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Preparation of freeze-dried milk powder
Freeze concentration process In order to produce FDMP, the pasteurized milk was concentrated by freeze concentration method. Freeze concentration was carried out in a two-stage freeze concentrator, using the technique described by Part et al. (2006) . Ice crystals were formed on the inner wall of the stainless steel vessel (Ø135×200 mm) by circulating coolant from a cryostat (FP-80; Julabo, Seelbach, Germany). A scrapper continually rotated at 50-60 rpm in the center of concentration vessel to remove ice crystals while maintaining a minimum distance of 1.5 mm from the inner wall. Ice crystals removed from the inner wall were collected in the central part of the vessel and recrystallized. Initial freezing occurred at a sample temperature of -4 o C coupled with nucleation and crystallization. After nucleation, the coolant temperature increased from -4 to -2 o C and remained constant during the recrystallization process. Temperature profiles of coolant and milk were collected with a K-type thermocouple and data logger (MV-100; YOKOGAWA, Tokyo, Japan). Ice crystals and milk concentrate were filtrated under vacuum using a stainless steel net (200 mesh). After the first stage, the concentrated milk was transferred to the second stage to increase the solute concentration.
Freezing and freeze-drying process The frozen concentrated milk was then freeze-dried in a lab-made freeze-dryer (consisted of chamber, cold trap, vacuum pump, pressure gage, and digital monometer) at a maximum pressure of a 5 Pa (Fig. 1) . The cold trap temperature was held at - 
Analysis of chemical composition
The moisture, protein, fat, ash, calcium and phosphorus content were determined using the AOAC method (AOAC, 1990). The lactose content was evaluated by the method of Kwak and Jeon (1988) . The sample (10 mL) was poured into a 25 mL volumetric flask and 15 mL of 2-propanol was added followed by a thorough mixing. The mixture was allowed to stand at room temperature for 20 min and then centrifuged at 275 g for 10 min. The supernatant was filtered through Whatman No. 540 paper and Sep-Pak C 18 column (Waters Corporation, Milford, MA, USA). Lactose analysis was performed by using a Cosmosil packed column 10 NH2 (4.6 mm×25 cm) and HPLC (Waters Corporation, Milford, MA, USA). Acetonitrile:water (3:1) was used as the mobile phase and propelled at 2.0 mL/min. A refractive index detector was used to measure the sample and the injector volume was 20 µL. A standard curve was constructed by injecting glucose and galactose standards to yield a linear curve.
Bulk density, dispersibility and wetting time
The bulk density, dispersibility and wetting time of each sample were investigated using the International Dairy Federation (IDF) standard method (IDF Association, 1986).
Preparation of reconstituted milk
To make the reconstituted milk samples with a moisture content of 87% (wb), each milk powder was combined with distilled water. The moisture, protein, fat and ash content were determined using the AOAC method (AOAC, 1990). The lactose content was evaluated by the aforementioned Kwak and Jeon (1988) method.
Color
Color values of each milk sample were investigated using a colorimeter (CR210; Minolta, Tokyo, Japan) after calibrating its original value with a standard plate (X= 97.83, Y=81.58, Z=91.51). Measured L*-, a*-and b*-values were used as indicators of lightness, redness and yellowness, respectively.
Thiobarbituric acid test
Oxidation products were analyzed spectrophotometri-cally using the thiobarbituric acid (TBA) test (Hegenauer et al., 1979) . The TBA reagent was prepared immediately before use by mixing equal volumes of freshly prepared 0.025 M TBA, which was neutralized with NaOH and 2 M H 3 PO 4 /2 M citric acid. Reactions of the TBA test were started by pipetting 5.0 mL of milk samples into a glass centrifuge tube and mixing them thoroughly with 2.5 mL of TBA reagent. The mixture was immediately heated in a boiling water bath for exactly 10 min and cooled on ice. Ten mL of cyclohexanone and 1 mL of 4 M ammonium sulfate were added and centrifuged at 2,490 g for 5 min at room temperature. The orange-red cyclohexanone supernatant was decanted, and its absorbance at 532 nm measured spectrophotometrically in a 1-cm light path.
Short-chain free fatty acid analysis
Milk samples (1 g) were mixed with diethyl ether and hexane for 2 h and eluted through a 10 mm I.D. glass column containing neutral alumina, as described by Ikins et al. (1988) . A Hewlett-Packard Model 5880A GC (Palo Alto, CA, USA) equipped with a flame ionization detector was used. The preparation of short-chain free fatty acid (FFA) was achieved using a 15 m×0.53 mm I.D. Nukol fused-silica capillary column (Supelco Inc., Bellefonte, PA, USA). The GC was operated with helium carrier gas at 2 mL/min, hydrogen gas at 37 mL/min, and air at 300 mL/min. The column oven was programmed for an initial holding for 1 min at 110ºC, heating to 180ºC at 5ºC/min for 10 min, and holding for 20 min. The temperature for both the injector and detector was 250ºC. All quantitative analyses were carried out by relating each peak area of individual FFA to the peak area of tridecanoic acid as an internal standard. Each FFA was identified by the retention time of the standard.
Vitamin analysis
For the analysis of water-soluble vitamins (L-ascorbic acid, niacin, thiamine, and riboflavin), 0.5 mL of milk was placed in a 50 mL volumetric flask, mixed with mobile phase and sonicated for 20 min. The mixed solution was centrifuged (HMR-220IV, Hanil Industrial Co., Seoul, Korea) at 452 g for 20 min, filtered through MILLEX-HV13 (0.45 µm, Millipore, Cork, Ireland), and analyzed by HPLC (Waters, Milford, MA, USA) equipped with a refractive index detector using a Spadex RSpak DE-413L column (4.6×250 mm). The flow rate was 0.5 mL/min and two mobile phases were used: solvent A was 0.005 M PIC B 6 and solvent B was a mixture of 0.4 mL triethylamine in 15 mL methanol:acetic acid (1:1, v/v). The linear gradient of solvent B was programmed at 5 levels as follows: the initial level was 20%, followed by an increase to 40% for 6 min, 42% for 9 min, 50% for 3 min, and finally to 70% for 12 min. All quantitative analyses were performed by relating peak areas of individual vitamins to those of external standards.
To determine fat-soluble vitamins (retinol and tocopherol), 1.0 mL of milk was placed in a screw-capped glass tube, added with 1.0 mL of 10% pyrogallic acid/ethanol mixture, mixed with 9 mL of KOH solution and sonicated for 30 min. After cooling to room temperature, the fat-soluble vitamins were extracted with 30 mL ether and 30 mL distilled water. The process was repeated three times. The ether layers were transferred to a round-bottom flask and dried under vacuum. The extract was redissolved in 10 mL isopropanol, filtered through 0.45 µm MILLEX-HV13 (Millipore, Cork, Ireland), and analyzed via HPLC (Waters, Milford, MA, USA) equipped with a RI detector and a Shiseido Nanospace SI-1 column (4.6×250 mm). The flow rate was 1.0 mL/min and two mobile phases were used: solvent A was 0.005 M PIC B6 and solvent B was a mixture of 0.4 mL triethylamine in 15 mL methanol:acetic acid (1:1, v/v). The linear gradient of solvent B was programmed as follows: the initial level was 20% followed by an increase to 40% for 6 min, 42% for 9 min, 50% for 3 min, and finally to 70% for 12 min.
Statistical analysis
All statistical analyses were performed using SAS version 9.0 (SAS Institute Inc., Cary, NC, USA). The analysis of variance (ANOVA) was performed using the general linear models (GLM) procedure to determine significant differences between the samples. Means were compared by using Fisher's least significant difference (LSD) procedure. Significance was defined at the 5% level.
Results and Discussion
Freeze-dried and spray-dried milk powders To investigate whether there were differences in the chemical composition between FDMP and SDMP, the chemical composition of each sample was measured as described in the materials and methods. As shown in Table 1 , no significant differences in the contents of moisture, protein, fat, lactose, ash, calcium and phosphorus were observed between the two different powder samples.
The water dispersibility was significantly higher and the wetting time was significantly shorter for FDMP than those for SDMP ( Table 2 ). These results indicated the improved hydration properties of FDMP, as compared to those of SDMP. Table 3 presents the chemical composition of reconstituted milk samples made from FDMP or SDMP. As expected, the moisture, protein, fat, lactose, and ash content of the reconstituted milk made from FDMP were not significantly different from those made from SDMP.
Chemical composition and color of reconstituted milk
The changes in color for the reconstituted milk samples made from FDMP or SDMP during storage at 4 o C for 18 d are shown in Table 4 . The L*-, a*-, and b*-values of the reconstituted milk samples made from FDMP or SDMP were not significantly different from those of the control milk sample at every storage period studied. Furthermore, increasing the storage period from 0 to 18 d did not significantly affect the L*-, a*-and b*-values of all the samples studied. According to Philips et al. (1995) , the L*-value of milk has been demonstrated to have the most positive impact on consumer appeal. Accordingly, in the present study, it is speculated that production of reconstituted milk products with FDMP or SDMP as well as the prolonged storage (18-d) of the milk samples did not remarkably influence the consumer appeal in the color aspects.
Oxidation as determined by thiobarbituric acid test
Heat treatment applied to the production of spray-dried milk powder is known to cause fat oxidation, resulting in an unpleasant odor and flavor. The potential of oxidized off-flavor and taste could be a significant problem for the production of the reconstituted milk made from SDMP, and this issue needs to be overcome in practical applications. Therefore, we compared the changes in TBA values of the reconstituted milk made from FDMP with those of the control milk or the reconstituted milk made from SDMP during 18 d storage, as shown in Fig. 2 .
The TBA values of the reconstituted milk samples made from both the dried powders were significantly higher than those of the control milk. When compared both the reconstituted milk samples, the TBA values of the reconstituted milk made from FDMP were significantly lower than those made from SDMP. This observation indicated that the reconstituted milk made from heat-treated SDMP may be susceptible to lipid oxidation rather than that made from FDMP.
For all the samples studied in the present study, it was observed that the TBA values increased with elevating the storage period. According to Cari (1994) , the oxidation reaction of milk fat occurs in the presence of oxygen, and it is catalyzed by light and metal ions, such as copper and iron. Therefore, in the present study, packaging the reconstituted milk samples in a partial vacuum is suggested as the most important process to protect from the fat oxidation, and this can be achieved by the partial replacement of oxygen with an inert gas such as nitrogen.
Short-chain free fatty acid analysis
The production of short-chain FFAs in the reconstituted milk made from FDMP or SDMP during storage at 4 o C for 18 d is listed in Table 5 . The quantities of all the short-chain FFAs in the reconstituted milk samples made from FDMP and SDMP at the entire storage periods were significantly greater than those in the control milk. The amounts of the total FFAs in the reconstituted milk made from SDMP were higher than those made from FDMP. According to Cari (1994) and Hwang et al. (2007) , heat treatment is necessary to initiate and/or increase the lipase activity. Accordingly, it is suggested in the present study that the heat treatment during the production of spraydried milk powder could enhance the lipase activity, causing the increase in the quantities of short-chain FFAs in the milk sample.
During the 18-d storage, the amounts of all the shortchain FFAs in the reconstituted milk samples made from both FDMP and SDMP showed a significant increase. For example, on the initial day, total productions of FFAs in the reconstituted milk samples made from FDMP and SDMP were 10.54 and 13.27 ppm, respectively, and after the 18-d storage, those reached 21.98 and 24.59 ppm, respectively. Therefore, the present study indicated that FFAs production in the reconstituted milk samples may be increased by storage period. Table 6 shows the quantities of water-soluble vitamins in the reconstituted milk samples made from FDMP or SDMP during storage at 4 o C for 18 d. Interestingly, there were no significant differences in the quantities of Lascorbic acid, niacin, thiamin, and riboflavin at each storage period between the control milk and the reconstituted milk sample made from FDMP. However, the amount of all the water-soluble vitamins in the reconstituted milk sample made from SDMP at every storage period significantly decreased, as compared to those made from FDMP.
Vitamin analysis
As presented in Table 7 , the quantities of retinol and tocopherol were significantly lower in the reconstituted milk made from SDMP than in the control milk. On the other hand, the amount of all the fat-soluble vitamins in the reconstituted milk made from FDMP was not significantly different from those in the control milk. Indyk et al. (1996) reported that vitamin D 3 , one of the fat-soluble vitamins, is degraded or lost during the spray-drying of milk for making dried milk powder because it is very heat-labile. It is reported that tocopherols present in egg were considerably degraded during the spray-drying process (Caboni et al., 2005; Galobart et al., 2001) . According to Scott et al. (1984) , the addition of vitamins is sometimes required as a final step of spray-drying due to the destruction of great quantities of vitamins during the spray-drying process. Therefore, in the present study, it is Values with different letters within the same column differ significantly (p<0.05).
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plausible that the decrease in the amount of fat-soluble vitamins in reconstituted milk samples made from SDMP can be associated with the high temperature spray-drying process conditions used for producing SDMP. The present study was carried out to produce reconstituted milk made from FDMP and compare the physichochemial properties with the reconstituted milk made from SDMP. The data on the TBA values indicated that the reconstituted milk made from SDMP can be vulnerable to lipid oxidation as opposed to that made from FDMP. Because the SDMP was treated by heat, the amounts of water-soluble and fat-soluble vitamins in the reconstituted milk made from SDMP were significantly lower than those made from FDMP. It is suggested in the present study that freeze-drying of raw milk could be a very efficient technique for producing dried milk powder with little changes in most nutrient compounds, as compared with the spray-drying technique.
